Imaging and sensing applications based on pulsed terahertz radiation have opened new possibilities for scientific and industrial applications. Many exploit the unique features of the terahertz (THz) spectral region, where common packaging materials are transparent and many chemical compounds show characteristic absorptions. Because of their diffraction limit, THz far-field imaging techniques lack microscopic resolution and, if subwavelength features have to be resolved, near-field techniques are required. Here, we present a THz near-field microscopy approach based on photoconductive antennas as the THz emitter and as a near-field probe. Our system allows us to measure amplitude, phase, and polarization of the electric fields in the vicinity of a sample with a spatial resolution on the micrometer scale (∼λ=20). Using a dielectric (plant leaf) and a metallic structure (microwire) as examples, we demonstrate the capabilities of our approach.
Introduction
Over the past decades, tremendous advances in the generation, manipulation, and detection of terahertz (THz) radiation sparked a number of exciting new applications for sensing and imaging in this interesting frequency regime. In particular THz time-domain (TD) systems based on the emission and detection of broadband THz pulses [1] have developed into a powerful tool for investigation of various materials. Soon after the first spectroscopic applications, THz pulse imaging was demonstrated [2, 3] . However, due to the large wavelengths at THz frequencies these initial far-field approaches lacked the microscopic resolution required for many applications.
To obtain subwavelength spatial resolution nearfield techniques have been implemented where a near-field probe is scanned across the sample. A variety of methods have been pursued, based on the use of subwavelength apertures [4] [5] [6] , metal tips [7] [8] [9] [10] , or near-field detectors [11] [12] [13] [14] [15] [16] as near-field probes. Some of these studies rely on the coherent emission and detection of broadband THz pulses and take advantage of being able to measure amplitude and phase of the electric field over a wide spectral bandwidth.
Here we report a THz near-field imaging approach based on the use of photoconductive antennas as emitters for pulsed THz radiation and as a near-field probe. Our system allows us to map the amplitude, phase, and polarization of the electric field close to a sample when illuminated by broadband THz pulses. This information enables the reconstruction of the electric field vectors and ultimately of the magnetic near field of micrometer-sized structures. Using a plant leaf and a metallic microwire as examples, we demonstrate the capabilities of our approach.
Terahertz Near-Field Microscopy

A. Experimental Setup
The schematic setup of our near-field imaging system is shown in Fig. 1(a) . It is based on the coherent emission and detection of broadband THz pulses by photoconductive dipole antennas [1] optically gated by a mode-locked femtosecond-laser source (20 fs, 800 nm, 75 MHz repetition rate). The generated THz pulses are focused by a pair of off-axis parabolic mirrors to a frequency-dependent spot (∼1 mm diameter at 0:5 THz) at the position of the sample. The electric field transmitted through the sample is detected at its backside by a photogated receiver antenna acting as a THz near-field probe. The detector antenna itself consists of an H-shaped electrode structure as shown in Fig. 1(b) deposited on a 500 nm thick ion-implanted silicon-on-sapphire substrate [17] . It is mounted with its electrodes and the photoactive silicon layer facing the sample and is optically gated by illuminating the photoconductive gap through the substrate. This allows measurement of the THz field after transmission through a sample in direct proximity to the sample surface, typically at an estimated distance of ≲30 μm, which corresponds to <λ=20 at 0:5 THz. Note that, for the measurements shown here, the sample and detector were in sliding contact and their distance was not actively controlled.
Spatially resolved measurements can be performed by raster scanning either the sample in front of the stationary detector or the detector unit behind the stationary sample. Moving the sample usually provides better signal-to-noise ratios since the detector can be positioned directly in the THz beam focus where the intensity is at its maximum. In this configuration, however, the illumination relative to the sample changes during a raster scan, which has a significant effect for a THz spot size of the order of the sample dimensions, as is likely the case with our tightly focused THz beam. In some cases, however, a fixed illumination relative to the sample is important, for example, to image the output of optical components [18] or THz waveguides [19] . Near-field images taken by both modes of operation, stationary detector or stationary sample, are presented.
Raster scanning the sample in a configuration with a fixed detector is technically straightforward. In contrast, when a fixed sample is raster scanned by moving the detector one has to take care that the detector is precisely translated together with the probe laser beam and the focusing optics. In our system this is accomplished by a periscope system consisting of two orthogonally aligned and vertically offset periscope mirrors, which guide both the probe beam and the detector chip without translating the laser focus on the chip when the stages are moved [18] . At each spatial position the time-dependent electric field is measured by scanning an optical delay in the laser beam path that drives the THz emitter. Note that a spatial translation of the detector unit effectively changes the probe beam path and, therefore, introduces a temporal shift to the waveform. In our system, this shift is directly compensated during data acquisition by a commensurate movement of the time delay in the excitation beam path.
The spatial resolution of the experiment is mainly limited by the finite dimensions of the probe beam focus and of the photoconductive gap in combination with the complex receiving characteristics of the antenna structure. Based on measurements on different metal structures the resolution of our system has been determined to be of the order of~25 μm, corresponding to λ=24 at 0:5 THz.
For all the measurements the incident THz beam had a fixed polarization along the x axis. The linearly polarized detector, on the other hand, can be oriented to be sensitive to either the x or the y component of the transmitted electric field by rotating the entire detector chip by 90 deg. This allows us to separately map both electric field components, E x and E y , in a plane parallel to the sample surface. Over the duration of typical data acquisition of several hours, spatial drifts of the laser spots on detector and emitter occur, which can lead to a slight degradation of the peak signal (<5%). Since laser intensity fluctuations are negligible, this represents the main contribution to the experimental uncertainties in our system. For the THz field amplitude a signal-to-noise ratio of the order of 500:1 at 500 GHz can be achieved with our system, which is comparable to conventional THz TD spectroscopy systems.
B. Data Acquisition and Analysis
For a two-dimensional spatially resolved measurement the time-dependent electric field of the pulsed THz radiation is recorded at each spatial pixel. Hence, the resulting data set is represented by a threedimensional data matrix Eðx; y; tÞ consisting of two spatial and one temporal coordinates as schematically shown at left in Fig. 2 . A two-dimensional cross section of the data matrix at a fixed time delay t 0 corresponds to a temporal snapshot of the spatial field distribution behind the sample. In Subsection 3.B we show a series of snapshots of the electric near field on a short metal wire.
Note that each spatial pixel contains complete spectral information that was obtained by Fourier transformation of the time traces yielding amplitude Aðf Þ and relative phase spectra ϕðf Þ as illustrated in Fig. 2 . Cross sections of these data matrices correspond to two-dimensional maps of A and ϕ at fixed frequencies. This representation in terms of amplitude and phase images is demonstrated in Subsection 3.A on the plant leaf example. Moreover, after selecting a particular frequency f 0 , the respective complex amplitude data at this frequency Eðx; y; f 0 Þ can be transformed back into the time domain by inverse Fourier transformation. As a result, at each spatial pixel the electric field oscillates at the selected frequency with its individual amplitude and phase relative to the other pixels. By this frequency filtering routine we are able to compile movies of the near field at selected frequencies within the bandwidth of our broadband experiment. This allows us to study the near-field response of metallic microstructures at their characteristic resonances [15, 16, 20] as we show below.
Applications of Terahertz Near-Field Imaging
A. Terahertz Transmission through a Plant Leaf
As a first example we investigated a small section of a natural plant leaf. Such a dielectric sample has an effect on the amplitude as well as on the phase of a transmitted THz field. While absorption, here mainly due to water, attenuates the THz signal, an additional phase shift is acquired through dispersion, which at least in homogeneous samples is closely associated with the sample thickness.
For the measurement the leaf was positioned in a sample holder that was raster scanned in the x and y directions relative to the stationary detector and illuminating THz beam as shown in Fig. 3(a) . A 5 mm × 5 mm section of the leave was scanned with a spatial resolution of 50 μm. Each spatial pixel of the image corresponds to an individual THz pulse scan and thus contains spectral information over the entire bandwidth covered by our experiment (from 50 GHz to 3 THz). As 
Interestingly, the absorption image shows the lowest transmission at the sides of the veins and rather high transmission in the center, where the phase delay is largest.
THz far-field imaging has been demonstrated previously to be a useful tool to study plant physiological parameters, such as water content in leaves [3, 21, 22] . Near-field imaging methods now extend the applicability of this tool to the investigation of even smaller plant structures such as small leafs or the secondary structure in leaf vein networks.
B. Resonant Excitation of a Metallic Microwire
The interaction between electromagnetic radiation and metallic structure represents another promising field of application for THz near-field microscopy. Over the past years, many aspects of the light-metal interaction were investigated, comprising such interesting phenomena as the observation of enhanced transmission through subwavelength apertures [23] or the development of metamaterials, arrangements of subwavelength sized resonators, that make possible a range of exciting new applications [24] [25] [26] . Whereas most studies investigate the light distribution in the far field of such structures, gaining a comprehensive understanding of the underlying mechanisms requires monitoring their near fields. With typical structure sizes on a wavelength-tosubwavelength scale, however, near-field studies with the required spatial resolution are highly challenging, in particular at optical frequencies. Experiments in the long-wavelength regime, e.g., at THz frequencies, on the other hand, can overcome potential complications associated with small wavelengths and structure sizes.
Here we investigate the response of a metal wire of subwavelength dimensions to an incident THz field as an example. In this experiment spatial resolution is obtained by moving the detector relative to the stationary sample and THz excitation beam. As detailed above, this mode of operation ensures a constant excitation relative to the structure geometry during the entire raster scan.
Contrary to experiments based on continuous wave illumination, that typically produce stationary image patterns (e.g., intensity maps), the THz TD approach relies on sampling the time-dependent electric field after pulsed THz excitation. It therefore directly allows us to visualize the formation and evolution of the time-dependent fields near objects. As an example, Fig. 4 (Media 1) shows the electric near field of a 1:2 mm long metal wire of ∼30 μm diameter after illumination by a short THz pulse of <1 ps duration in time steps of 1:3 ps (top to bottom). The THz excitation pulse was incident from the back with its electric field linearly polarized along the wire axis. The density plots show the E x component of the electric field measured in a plane ∼30 μm away from the wire surface. Two wave packets are observed moving in opposite directions away from the wire ends, where the incident field initially couples to the structure. At time t ¼ 13:7 ps (approximately 5:2 ps after coupling to the wire), the propagating pulses reach the ends of the wire and are partially reflected, undergoing a π phase change. We find a linear time dependence of the center positions of the counterpropagating wave packets, indicated in the plots by dashed lines, from which we estimate a mean group velocity of ν ≈ 230 μm=ps. This matches the expected propagation velocity of c=n, where c is the speed of light in vacuum and n ¼ 1:3 is the THz refractive index of the adhesive tape used to attach the wire to the sample mount in front of the detector.
From two separate measurements of both electric vector components, as shown in Figs. 5(a) and 5(b), one obtains two data sets, one for E x and one for E y from which the electric vector field in the plane of the sample (the x − y plane) can be reconstructed. Due to the broadband excitation provided by the THz pulse, however, the temporal response of the system corresponds to a superposition of all modes that are excited within the spectral bandwidth of our experiment. To map the electric near field for a specific resonance, the measured broadband data must be frequency filtered, as described in Section 2, prior to vector-field reconstruction. Finally, the frequencydependent electric vector fieldẼ xy close to the sample surface is determined by adding the individual field components E x and E y with respective relative phases.
The result of this procedure is demonstrated in Fig. 5 on the example of a 900 μm long wire. The structure was fabricated by conventional photolithography and etching steps and consists of a 9 μm thick copper strip on a polytetrafluoroethylene (Teflon) substrate. A far-field transmission spectrum obtained from a square array of identical wires is shown in Fig. 5(d) . It exhibits characteristic transmission minima due to the resonant excitation of current density standing waves along the structure [27, 28] . The electric vector fields measured directly behind an individual wire are plotted by arrows at their characteristic resonance frequencies in Fig. 5(e)  (Media 2) . Note that all the fields are plotted at a fixed phase within one oscillation cycle corresponding to their maximum amplitude. According to Maxwell's equations a curl of the electric field induces a change in the magnetic field by ∂H =∂t ¼ −μ −1 ▿ ×Ẽ. This relation allows us to determine the change in the out-of-plane magnetic field component, ∂H z =∂t, from the measured in-plane electric field vectors, E xy , at each spatial pixel. Since the field oscillates harmonically for each frequency, as illustrated in Fig. 2 (at right), the magnetic field distribution H z ðx; y; tÞ simply corresponds to its time derivative phase shifted by π=2. The orientation and amplitude of the magnetic out-of-plane component is indicated in Fig. 5(e) by the color code. Note that accessing magnetic fields is normally not possible by conventional imaging techniques that are based on measuring light intensities only rather than amplitude and phase. This capability, therefore, represents a unique feature of near-field imaging methods based on the THz TD approach.
In contrast with off-resonant field patterns, the resonant modes are distinct by their much larger field amplitudes. In addition, the resonant fields oscillate with a characteristic π/2 phase shift relative to the incident THz field (not shown here). The resonances can be understood as a discrete spectrum of plasmonic eigenmodes of the wire, which acts as a resonant dipole antenna. Dictated by the polarization of the incident electric field, charges of opposite signs accumulate at the wire ends defining the boundary conditions for the currents. Constructive wave interference and the formation of standing wave patterns occurs for L ¼ n · λ=2 with n ¼ 1; 3; 5; …, where L is the wire length and λ corresponds to the wavelength in the surrounding medium. The directions of the current flow at each wire resonance is schematically sketched in the Fig. 5(e) insets.
Visualizing the near-field close to metallic microstructures with subwavelength spatial resolution provides a unique way to study their response to light. In recent studies THz near-field microscopy was used to characterize electromagnetic field transmission through subwavelength apertures [13] [14] [15] [29] [30] [31] or the complex interaction of metamaterials with light [16, 20] .
Conclusion
We have presented a THz near-field imaging system based on the implementation of photoconductive antennas acting as THz pulse emitters and as near-field probes. Our approach visualizes the evolution of electric near fields close to a sample after illumination by a broadband THz pulse with subwavelength spatial and subpicosecond temporal resolution. By Fourier transformation frequency-dependent near-field images over a wide spectral range (from 50 GHz to 3 THz) were obtained. Using our method we were able to trace the in-plane electric and out-of-plane magnetic fields formed close to metallic microstructures at their characteristic resonances, providing valuable information on the resonant currents that flow in those structures. This opens a unique way to investigate near fields of metallic microsctructures experimentally such as metamaterials or ultrafast plasmonic devices that will play an increasingly important role in future opto-electronic applications (e.g., for computing and telecommunication).
